Chladni patterns based on nanomechanics in the microfluidic environment are presented. In contrast with the macroscopic observations in the gaseous environment, nanoparticles are found to move to the nodes, whereas micron-sized particles move to the antinodes of the vibrating interface. This opens the door to size-based sorting of particles in microfluidic systems, and to highly parallel and controlled assembly of biosensors and nanoelectronic circuits.
In recent years, there has been increasing interest in the positioning of micro-and nanoparticles on surfaces. Applications include biosensors [1, 2] and molecular electronics [3, 4] . For automated patterning of particles, existing methods are either slow (e.g., dip-pen lithography [1, 5] ) or require prefabricated patterns (e.g., by electrostatic positioning [6] or by successive self-assembly, transfer, and integration [7] ). Moreover, the sorting of differently sized particles, organelles, and cells in microfluidic networks is important for many biological and medical applications. Purely size-based sorting would offer the greatest control, but an automated method appears to be inexistent. Current methods sort particles based on density and size (sizeselective precipitation [8] , ratchets [9] and the ''Brazil nut effect'' [10, 11] ), surface properties and size (highperformance liquid chromatography [12] ), charge and size (gel electrophoresis [13] ), dielectric constant and size (dielectrophoresis [14, 15] ), and acoustic impedance and size (ultrasonic separation [16] ).
In 1787, the German physicist Chladni showed how sand particles could be made to self-organize into symmetrical patterns [17] . Upon excitation of a metal plate with a violin bow, the sand on it would group along the nodal lines. The patterns, which vary with different modes of resonance, were named Chladni figures. Chladni also reported how fine particles (fine shavings from the hairs of his violin bow) would move in the opposite direction, to the antinodes. The latter behavior was found by Faraday [18] to be due to induced air currents, now known as acoustic streaming.
Acoustic streaming is a steady circulatory flow that can be generated in oscillating fluids. The oscillation can be driven by a sound field in a compressible medium (''quartz wind'') or by an oscillating surface in a viscous medium (''boundary streaming'') [19, 20] . The latter results from the convective inertia term of the Navier-Stokes equation, which has a nonzero time average. Boundary streaming near oscillating beam structures has recently gained interest in the context of air cooling for portable electronics devices [21, 22] .
In this Letter, microscale Chladni figures are presented for the first time. It is shown that nanoscale oscillations of cantilever beams in liquid drive particles initially resting on the surface either to the nodes or to the antinodes, depending on their size. Similar to Faraday's findings, the size dependency results from boundary streaming. However, the size dependency is found to be inverted at small scales.
The experiments were performed in a polymethylmethacrylate microfluidic cell (100 L, distance between glass cover and cantilevers 1:4 0:2 mm) filled with water, and observed using dark-field microscopy. Silicon cantilever arrays of 560 100 7 m 3 (fabricated by KOH and deep reactive ion etching at the IBM Zurich Research Laboratory) were mounted directly on top of a piezoelectric element inside the cell [23] . Arrays of cantilevers were used to improve the statistical significance of the observed patterns. The resonance frequencies and amplitudes of the cantilevers were determined in liquid by laser beam deflection [24] . Thiol-functionalized polystyrene beads (Merck-Estapor, France) with a ferrite core (iron (III) oxide) were size selected by centrifugation to obtain batches of 4 1 m (microbeads) or 0:5 0:3 m (nanobeads), as determined by scanning electron microscopy [(SEM), see Fig. 1 ]. The observed diameter of the ferrite core was a fraction 0:54 0:06 of the total bead diameter, giving a density of 1:7 0:2 g=cm 3 . The microfluidic cell was filled with homogeneous suspensions of micro-or nanobeads, which settled by gravity within 20 min or 3 h, respectively, (settling velocities 6 m=s and 100 nm=s). Subsequent excitation of the cantilevers was performed at sequential resonance modes.
The resonance frequencies of the first six resonance modes ranged from 12 kHz to 1.3 MHz. The corresponding vibration amplitudes ranged from 400 down to 8 nm. For modes 3-6, 4-m beads were seen to move towards the antinodes of vibration, forming well-defined groups within 20 -25 s [25] . The positions of the antinodes were confirmed by direct observation of the locations of edge vortices containing trapped beads (this phenomenon has been demonstrated for liquid [26] and for air [22] ). Groups could be repositioned by switching to a neighboring resonance mode, as demonstrated in Fig. 2 (a) (video available online [27] ).
The 0:5-m beads, however, moved towards the nodes, as shown in Fig. 2(c) . Pattern formation took significantly longer, namely, 13-17 min. The opposite directionality of differently sized beads can be explained by assuming that the beads are dragged by boundary streaming. In air, the classical Chladni figures formed when sand particles bounced off the antinodes and came to rest on the nodes. Only for fine powder were the lateral inertia forces dominated by the viscous drag of boundary streaming towards the antinodes. In microfluidics, both small and large particles follow the direction of the near field hydrodynamics; gravitational forces do not play a central role in pattern formation. An analytical model of the boundary streaming in water was obtained by solving the Navier-Stokes equation near an infinitely wide, oscillating beam, as published elsewhere [21] . Figure 3 shows stream lines of the water near the cantilever surface for the 4th resonance mode. The schematic micro-and nanobeads show how the particle size determines which flow direction of boundary streaming will be followed. The flattened vortices (of crosssection 2 80 m 2 ) are called the inner circulations. The forces on the beads were calculated by integrating the Stokes drag force over the height of the sphere, using
where u is the horizontal component of the water velocity, h is the distance from the cantilever surface, D is the bead diameter, and the viscosity. A critical bead diameter was obtained by solving Eq. (1) (F D 0); this diameter is equal to the height of the inner circulations. This height is frequency dependent, and the resulting graph is shown in Fig. 4 . A fit was made using the conventional formula for the Stokes boundary layer thickness
where ! is the radial frequency of oscillation and the kinematic viscosity of the medium. A multiplicative fitting constant of 2.8 was found. The geometrical interpretation is that the distance from the circulation center to the surface is close to , as indicated in Fig. 3 . The reason for this is that the boundary streaming is driven by the oscillatory flow within the Stokes boundary layer. From  Fig. 4 it can be seen that the nanobeads were smaller than the critical bead diameter in the entire frequency range, whereas the microbeads were larger than the critical size above 100 kHz. In sorting applications, smaller critical sizes are achieved at higher frequencies while controlling the node-node distance by the choice of the beam thickness. For media of higher viscosity, the critical diameter increases. In vacuum, it could be that the nanobeads enter the superlubricity regime [29, 30] . Some beads on the cantilever were seen to fall off the surface. The lost fraction can be reduced by making the cantilevers wider or by using membranes. The reader is referred to the additional video material [27] , where it is evident that the majority of the beads remained on the cantilever even after cycling through different resonances 5 times. The beads interacted with the cantilever surface by weak forces. Two observations suggest that while grouping on the oscillating surface, the microbeads bounced slightly, whereas the nanobeads rolled or hopped intermittently. During intermittent hopping, beads remain bound to the surface until released by thermal energy. Before resorbing, they migrate in the direction of the streaming flow. The first observation is that the nanobeads followed the narrow stream closest to the surface. This indicates that they were held close to the surface, whereas the simple Boltzmann height distribution [Eq. (3)] predicts an average bead height hhi of 9 m from
where k is Boltzmann's constant, T the temperature, m n the buoyant mass of a nanobead, and g the acceleration due to gravity. The second observation is that the 0:5-m nanobeads moved 30 -50 times slower along the cantilever surface than the 4-m microbeads did. This suggests that the nanobeads were slowed down by interaction with the surface. For the 4-m microbeads, on the other hand, the surface interactions were conceivably dominated by the vertical momentum of the beads. The surface transferred a 500 times larger kinetic energy to the microbeads than to the nanobeads, owing to the difference in their mass [31] . The propagation velocity of the nanobeads might be enhanced by varying the surface chemistry. The chemical interaction can be tuned by adapting the chemical groups [32, 33] and controlling the pH.
In conclusion, inverted Chladni figures were formed on oscillating microcantilevers in the aqueous environment. Microbeads were found to collect on the antinodes, whereas nanobeads moved towards the nodes of vibration. This demonstrates the inverse size-dependent directionality as compared with Chladni's observations owing to induced streaming of the liquid. The applied analytical model for boundary streaming predicts a critical, frequency-dependent bead diameter at which beads reverse direction, which was experimentally observed. The demonstration of Chladni figures in microfluidics presented here opens the door to highly parallel, directed assembly and to size-based sorting or size-dependent manipulation of particles, organelles, or cells. In sorting applications, particles on the nodes and antinodes could be transported along orthogonal paths such as dielectrophoretic paths [15] . Combined with time segregation, this allows for additional selection on chemical composition of the separated objects. The propagation times can be tuned by the choice of surface chemistry and appropriate buffering of the solution. Sorting of more than two different sizes is possible by using harp-shaped cantilever arrays and sweeping through the consecutive resonance frequencies. In patterning applications, the use of membrane structures instead of cantilevers will offer a larger variety of patterns. Grouped particles can be fixed using laser curing, photopolymerization or selective electroless deposition on metal [34] or polymer [35] . After fixation, the liquid is removed and the patterns are transferred from the membrane to a chip surface by nanotransfer printing (nTP) [7, 36] , leading to controlled, multistep assembly of biotechnological sensors or nanoelectronic circuits.
We gratefully thank U. Dürig, H. P. Lang, R. Lindermann, M. Stöhr, and A. Baratoff for fruitful discussions. We also thank U. Drechsler for helpful SEM work. 
